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Four cur ren t  v iscop las t ic  models are compared exper imental ly f o r  Inconel  
718 a t  593" C. 
r a t e  s e n s i t i v i t y ,  undergoes c y c l i c  work softening, and i s  suscept ib le  t o  low 
cyc le  fa t igue.  The models used include Bodner's an isot rop ic  model, Krieg, 
Swearengen, and Rhode's model, Schmidt and M i l l e r ' s  model, and Walker's 
exponential model. 
negat ive s t r a i n  r a t e  s e n s i t i v i t y  response. 
i s  appl ied t o  the  models o f  Bodner and Krieg, e t  a l .  

A ser ies  o f  t e s t s  has been performed t o  create a s u f f i c i e n t  data base 
from which t o  evaluate mater ia l  constants. A method t o  evaluate the  constants 
i s  developed which draws on comnon assumptions f o r  t h i s  type o f  mater ia l ,  
recent advances by o ther  researchers , and i t e r a t i v e  techniques . A complex 

h i s t o r y  tes t ,  no t  used i n  ca lcu la t ing  the constants, i s  then used t o  compare 
the  p red ic t i ve  c a p a b i l i t i e s  o f  the models. 

and dynamic recovery i s  shown t o  model t h i s  mater ia l  system w i t h  the grea tes t  
success. 
successfu l ly  appl ied t o  the comp ex mater ia l  response encountered. 
measuring t e s t s  were found t o  be invaluable and warrant f u r t h e r  development. 

This mater ia l  system responds w i th  apparent negative s t r a i n  

Schmidt and M i l l e r ' s  model and Walker's model co r rec t  f o r  
A cor rec t ion  s i m i l a r  t o  Schmidt's 

The combination o f  exponent ia l ly  based i n e l a s t i c  s t r a i n  r a t e  equations 

The method o f  constant ca lcu la t ion  developed i n  t h i s  work was 
Backstress 
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INTRODUCTION 
T h i s  paper experimentally compares four current viscoplastic models for  

metals a t  elevated temperature. 
uncover the mathematical forms which model r e a l i t y  most successfully and t o  
develop basic understanding of the models. A secondary objective is  t o  
develop methods of constant calculation which are systematic and repeatable. 
A f ina l  objective i s  t o  develop experimental t e s t s  and t e s t  software t o  
support viscoplastic modeling. 

Th s research produces many positive results.  First, the aspects of each 
model which need further development are uncovered. Also, the most accurate 
mathematical forms of the models are determined. T h i r d ,  basic understanding 
of t h e  models i s  generated. Such understanding is  necessary f o r  actual 
engineering application of the models and for  expanding the capabi l i t ies  of 
the models. Fourth, systematic methods o f  material parameter evaluation are 
developed which draw on advances by a l l  the modelers. 
calculation methods make the models much easier to  use by researchers and 
engineers in the f i e l d  and advance the technology toward automation and 
standardization. 
reported which can e i ther  lead or support theoretical advances. 

The primary objective of this work is  t o  

Systematic constant 

Finally, experimental techniques and needs are developed o r  

MATERIAL CONSIDERATIONS 

The material used i n  th i s  work was Inconel 718 and was provided by NASA 
Lewis Research Center i n  Cleveland, Ohio. The temperature used was 593" C .  
(1100" F. ) .  
used i n  this work had .2% yield s t ress  values between 792 and 903 MPa. The 
material cycl ical ly  work softened. Strain ageing and negative s t r a i n  ra te  
sens i t iv i ty  e f fec ts  were observed between the s t ra in  ra tes  of lX10-5 sec" and 
lX10-3 sec-'. 
cycled a t  s t r a i n  amplitudes over ~ 1 %  strain.  
inclusion o f  creep hold times also adversely affected the fatigue l i f e .  

The heat treatment used was given by the Metals Handbook [ l ] .  
was annealed a t  954" C for  one hour and then 011 quenched. 

The average value o f  Young's modulus was 169.9 GPa. The material 

A fatigue l i f e  of 5 t o  30 cycles resulted when specimens were 
Lower s t ra in  ra tes  and the 

All samples were subjected to  the same heat treatment prior t o  tes t ing.  
The material 

The next s tep was 
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I 

ageing a t  718" C. fo r  eight hours w i t h  a furnace cool. 
Hevi Duty Electric Co. type 66-P. Temperature was monitored w i t h  a Keithly 
871 Digital Thermometer. The resulting material s t a t e  was found t o  be the 
eas ies t  t o  machine. 
machining and again before testing. 

The furnace used was a 

Therefore, the heat treatment was carried out before 

OVERVIEW OF MODELS 

The models chosen for  this work include Bodner's anisotropic model [ 2 ] ,  
Krieg, Swearengen, and Rhode's model (31 ,  Schmidt and Mil ler ' s  model [4], and 
Walker's exponential model (21 .  
under active development, methods of determination of the constants have been 
reported, and some attempt has been made or  is being made to  expand them t o  
t ransient  temperature modeling. The material uti l ized i n  t h i s  work responded 
w i t h  negative s t r a i n  r a t e  sensit ivity due to  s t ra in  ageing. 
Schmidt and Miller and Walker were able to  handle th i s  phenomenon. 
of Bodner and Krieg, e t  a l .  needed corrections t o  handle this  effect .  
models a re  reviewed below. 
Bodner's Anisotropic Model 

These models were chosen because they are 

The models o f  

The models 
The 

The growth laws for  Bodner's anisotropic model have the following form: 

z = z I + zA= z I i B sgn a 

T z'- z 
Z 1  

I '  2]r1 ' I  z = m , [  Z , -  Z ] Wp- A , Z , [  

A 
= m 2 [  Z,sgn u - Z A ]  wp- A 2 Z , [ Y ] ' 2  1 sgn Z 

where Do, n,  m l ,  Z 1 ,  Z2,  A I ,  r1, m2,  Z3, A2 and r2 are material constants. 

gives a l i m i t i n g  s t r a i n  ra te  i n  shear o f  Do [Sf. 
dynamic recovery term f o r  2 i n  the isotrop c growth law ( 3 )  
and - A , Z , ( (  Z - Z 2 )  Z ; ' I r 1  is a s t a t i c  thermal recovery term. 
uniaxial representation of a second order tensor in the multiaxial s t a t e  which 
handles directional or anisotropic hardening. 

The flow law is exponentially based as seen in equation (1) .  The model 
I The term -m,Z W i s  a 

P 

B is  a 

A 

B i s  assumed t o  act  as an 
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i s o t r o p i c  var iab le on an incremental basis [61. The growth law f o r  B (4) has 

the same components as the growth law f o r  D (3). 
Bodner's model i s  seen t o  use the r a t e  o f  p l a s t i c  work instead of 

i n e l a s t i c  s t r a i n  r a t e  as the measure o f  work hardening (3 ,4 ) .  This i s  

designed t o  a l low f o r  be t te r  modell ing o f  s t r a i n  r a t e  jump t e s t s  (71. The 

co r rec t i on  used t o  account fo r  the s t r a i n  ageing e f fec ts  was Schmidt and 
M i l l e r ' s  non- in teract ive so lute strengthening cor rec t ion  [ 4 ] .  The i n e l a s t i c  

s t r a i n  r a t e  equation was then w r i t t e n  i n  the fo l low ing  form: 

where F i s  the maximum correct ion,  J i s  the s t r a i n  r a t e  o f  maximum correct ion,  
and B i s  the width o f  correct ion.  
Krieg, Swearengen, and Rhode's Model 

Krieg, e t  a l . ' s  growth laws have the fo l low ing  form: 

2 

1- 1 1 sgn B I B = A,; - A,B [ e 

. I  n D = A,,& - A s (  D - D o )  

where C, n, AI, A2, A3, A4, and A5 are mater ia l  constants. 

and drag s t ress  growth laws (8,9) contain s t a t i c  thermal recovery terms but  no 

dynamic recovery terms. The recovery term i n  (8) i s  based on a d i s l o c a t i o n  
c l imb model by Fr iedel .  The recovery te rm i n  (9) i s  based on a specia l  case 

o f  the same cl imb recovery model used i n  (8) [ 3 , 8 1 .  

again used w i t h  t h i s  model t o  produce the fo l low ing  i n e l a s t i c  s t r a i n  r a t e  

equation: 

The f l ow  law i s  seen t o  be a power law based equation. The back s t ress 

Schmidt and M i l l e r ' s  non- interact ive solute strengthening co r rec t i on  was 
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Schmidt and Miller's Model 
Schmidt and Miller's growth laws have the following form: 

)'*'}" sgn( 0 - B (12) 

(13) 

(14) 

0 - 6  E ' =  B'{ sinh( 

.I B = H I €  - H I B ' {  sinh( A l l B l  ) }n sgn( B ) 

+ Fsol 

D 3 )  - H,C,B'{ sinh( A,D3) }n 
A 2  

* I  
= H,(;'I(C,+ 161 - - 

where B ' ,  n, H1, AI, H2, C2, A2, F, J, and 6 are material constants. 

model creep response better 191. 
thermal recovery terms o f  the back stress and drag stress growth laws 
(13,14). The drag stress hardening term contains a hardening term, a dynamic 
recovery term, and a term which couples drag stress hardening to back stress 
magnitude. These three terms provide the proper cyclic, hardening, softening 
and saturation behavior [9]. 
correction ( Fsol ) as mentioned earlier is seen in this model. 
Walker's Exponential Model 

The flow law has the form of a hyperbolic sine. This form was chosen to 
This same form is found in the static 

The same non-interactive solute strengthening 

The growth laws for Walker's exponential model have the following form 

[2,10]: 

D = D,+ D,exp(-n,R) (18) 

I R = l i  I 

where B, n2, n3, n4, n5, R o ,  n6, D1, D2, and n7 are material constants. 
This version of Walker's flow law (16) is based on an exponential 
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funct lon.  
stress growth law. The  term B [ n,+ n,exp(-n , l log( lRI/R, ( )I ]  i is a dynamlc 
recovery term. Negatlve s t r a i n  rate s e n s l t l v i t y  e f f e c t s  can be modelled w i t h  
the term n,exp(-n,llog( IRI/R,) 1 )  . Back stress thermal recovery I s  handled by 
the B n6 term. Drag stress hardening I s  modelled t h r o u g h  
the D,exp(-n,R) term. 
model. 

The  term n z i l  i s  seen t o  be a work hardening term i n  the back . *  

0 .  

No provislon I s  made f o r  drag stress recovery I n  t h l s  

EXPERIMENTAL PROGRAM 

The bas ic  experimental program consisted of the following tests: 
(1) 2 monotonic tension tests t o  1.5% s t r a i n  ( s t r a i n  r a t e s  of 

(2 )  5 f u l l y  reversed cyc l ic  tes t s  t o  2 -8% s t r a i n  ( s t r a i n  r a t e s  
between l.00X10-3 sec-' and 7.63X10-6 sec-' ); 

( 3 )  5 constant load creep t e s t s  ( applied s t r e s ses  between 820 MPa 
and 958 MPa ); 

(4)  4 back stress measuring t e s t s  d u r i n g  cyc l i c  loading and 4 d u r i n g  
secondary creep; and 

(5)  1 complex h is tory  tes t .  

3.15X10'3 sec-' and 7.25X10-6 sec- 1 ); 

Table 1 provides more spec i f i c  information on the tes t  program. 
provides the t e s t  number. The type of t e s t  i s  given i n  column 2. 
r a t e  and s t r a i n  limits a r e  given in  columns 3 and 4. 
the creep t e s t s  a r e  given in column 5. 
provided i n  reference I l l] .  
Back S t r e s s  Measuring Tests  

e t  a l .  [ 3 ]  and during saturated cyc l ic  loading a s  used by Walker [12]  were 
performed i n  t h i s  work. 
holding a saturated cyc l i c  t e s t  a t  various points  on the unloading curve,  
switching t o  load control and monitoring the s t r a i n  r a t e  following the hold. 
The material  was recycled and a hold time a t  another s t r e s s  value was car r ied  
out.  
permit complete sa tura t ion  of the microstructure f o r  f e a r  of sample 
f r ac tu re .  
cycle  var ia t ion  of the  maximum s t r e s s  of l e s s  than 6.89 mpa. 

Column 1 
The s t r a i n  

The applied s t r e s s e s  f o r  
A complete data  s e t  in t abu la r  form i s  

Back s t r e s s  measuring t e s t s  d u r i n g  secondary creep as described by Krieg, 

The cyc l i c  back s t r e s s  numbers were obtained by 

Fatigue l i f e t ime  problems f o r  the material  used i n  t h i s  work d i d  not 

The c r i t e r i o n  used t o  def ine sa tura t ion  in  this work was a cycle t o  
These conditions 
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Table 1 - Test Program 

were met a f t e r  10 t o  15 cycles f o r  this  material .  

s t r a i n  r a t e  a t  each hold time. 
sc ru t in ized  t o  decide how many points  t o  consider in  the  regression ana lys i s  
a s  the onset  o f  thermal recovery following a hold time was a very subject ive  

decis ion.  
a zero s t r a i n  r a t e  was produced. T h i s  hold s t r e s s  was determined by the use 
of a l i n e a r  l e a s t  squares curve f i t  t o  the  s t r a i n  r a t e  versus hold s t r e s s  
data .  

The creep back s t r e s s  numbers were obtained i n  a s imi la r  fashion. 
stress on a sample i n  secondary creep was dropped t o  various lower levels. 
The i n e l a s t i c  s t r a i n  r a t e  immediately following each drop was analyzed i n  the  
same manner as  w i t h  the cyc l i c  t e s t s .  

The back stress numbers were invaluable i n  estimating some material  
constants ,  The r e s u l t s  were a l so  promising enough t o  warrant further study. 
The procedures used here could be grea t ly  enhanced by equipment w i t h  g r ea t e r  
reso lu t ion  such as used by Jones, e t  a l .  (131 and l e s s  subjec t ive  methods of 

A l i n e a r  l e a s t  squares regression t o  the s t r a i n  r a t e  da ta  provided a 
Each t r ans i en t  tes t  had t o  be ind iv idua l ly  

The back s t r e s s  was assumed t o  be equal t o  the hold s t r e s s  a t  which 

The 
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data reduction such as the method of B l u m  and Finkel [141. 
such as torsional cycling used by El l i s  and Robinson could also be considered 
1151. 
material such a Inconel 718 which  suffers from a short fatigue l i f e  when 
cycled. Reference [ 111 contains more information on the resul ts  observed and 
software developed for  these tes t s .  

Other techniques 

The s t r e s s  transient t e s t  I161 might also provide information f o r  a 

EXPERIMENTAL APPARATUS 

The load frame ut i l ized i n  these t e s t s  was an MTS (Materials Test System) 
model 880 electrohydraulic testing machine shown i n  F ig .  1. MTS 652.01 Water- 
cooled hydraulic gr ips  allowed f u l l y  reversed cyclic t e s t s  t o  be carried out 
a t  h i g h  temperature. 
computer. 
cyclic t e s t s ,  cyclic tests w i t h  hold times, creep t e s t s ,  and creep s t r e s s  drop 
t e s t s .  
661.21A-02 50 K N  load cel l  was the load transducer. An MTS 632.416-02 axial 
extensometer was the s t r a i n  transducer. 
w h i c h  contacted the sample a t  two 120" punch holes. The material samples 
designed t o  ASTM E606-77T specifications for  low cycle fatigue specimens. 

63911 Process Temperature and Power Controllers were used f o r  temperature 
control. Temperature Measurement was handled by six 28 gauge K-type 
thermocouples. These were placed i n  contact w i t h  the sample. Three 
thermocouples were fed into a Fluke 2176A Digital Thermometer for  readout. 
These were placed w i t h  one each a t  the top, middle, and bottom of the gauge 
section. 
controllers.  These were placed i n  the center of the furnace zone each was t o  
sense w i t h  one thermocouple placed i n  the center of the gauge section and one 
on each g r i p .  

attached t o  the sample by self-supporting means. The thermocouples a t  the top 
and bottom of the gauge section were wound around the sample. 
thermocouples used i n  the center of the gauge section were brought into the 
oven from different  directions and t ied to each other. These thermocouples 
were then wound around the sample for contact. 

The frame was controlled by a Digital Micro PDP-11 
Computer programs were written to  run  monotonic tension t e s t s ,  

An MTS The Micro PDP-11 also handled data acquisition functions. 

This device had quartz extension rods 

An MTS 652 three-zone clamshell furnace and three Research Incorporated 

The other three thermocouples were fed into the temperature 

The thermocouples were fastened t o  the g r i p s  by f iberglass thread 

The 

Welding the thermocouples t o  
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the  sample would have produced harder contacts w i t h  more r e l i a b l e  temperature 
measurement. However premature f a i l u r e  occurred a t  the welds. 

CALCULATION OF MATERIAL CONSTANTS 

The complex response o f  Inconel 718 a t  593" C prompted f l e x i b l e  methods 
o f  constant ca l cu la t i on  t o  be developed. The method f o r  ca l cu la t i ng  constants 
f o r  the  models began by making a ser ies o f  jud ic ious assumptions which allowed 
comnonly used constant ca lcu la t ion  schemes t o  produce i n i t i a l  estimates o f  the  
constants. Some non l i nea r i t y  was avoided i n  t h i s  step and was re in t roduced by 
a ser ies  o f  repeatable i t e r a t i o n s  t o  the f i n a l  constants. The i t e r a t i v e  step 
numerical ly in tegrated the models t o  p red ic t  the s t ress-s t ra in  response a t  a 
c e r t a i n  po int .  
t o  the experimental value a t  t h i s  point .  Another mater ia l  constant was then 
changed t o  match another mater ia l  point .  

Physical  ins igh t ,  f a m i l i a r i t y  w i t h  the uncer ta in ty  i n  the data set, and 
engineering i n t u i t i o n  guided the organizat ion o f  the ca l cu la t i on  process. 
However, the  actual  process was car r ied  out as systemat ical ly as possible.  
The eventual c rea t i on  o f  systematic and automatable methods t o  ca l cu la te  
constants has been a major d r i v e r  I n  t h i s  phase o f  the work. The method used 
t o  ca l cu la te  the  mater ia l  constants w i l l  be sumnarized using a gener ic 
v i scop las t i c  model i n  the f i r s t  subsection o f  t h i s  section. The gener ic model 
used as an example w l l l  be presented f i r s t  followed by a subsection o u t l i n i n g  
the  general method o f  i n i t i a l  ca lcu lat ions and a subsection o u t l i n i n g  the 
i t e r a t i v e  step. 
Generic V iscoplast ic  Model 

One mater ia l  constant was then changed t o  match the p r e d i c t i o n  

The growth laws f o r  the example model are presented below: 

I I B = C , E  + C,B S + C,B 

I 0 = C , l i  I + C,D 

n i s  a constant measuring s t r a i n  r a t e  sens i t i v i t y .  
back s t ress  hardening. 

CI i s  a constant measuring 
Ce i s  handling back stress dynamic recovery and C3 
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measures back stress thermal recovery. 
C5 models drag stress recovery. 
Ini t ia l  Assumptions 

The following i n i t i a l  assumptions were made in this work: 

monotonic tension; 

C4 produces d rag  stress hardening and 

(1) back stress was assumed responsible for hardening i n  

(2 )  drag s t ress  was assumed responsible f o r  cyclic softening; 
(3) thermal recovery was assumed negligible f o r  r a p i d  

(4 )  drag  s t ress  thermal recovery was present in low 

(5) back s t ress  thermal recovery was present i n  creep tests.  

t es t s  (6 I z 1.0~10-”sec-l) ; 

st rain rate saturated cyclic tests;  and 

These assumptions allowed the constants for the inelastic strain ra te  
equations, back stress hardening, drag stress hardening, drag stress recovery, 
and back s t ress  recovery t o  be calculated i n  that  general order. These 

assumptions also allowed much o f  the constant calculation schemes reported in 
the l i terature  to  be utilized with th i s  material [2,3,4,5,9,12,17,18].  

law assuming thermal recovery was negligible. The back stress growth  law took 
on the following form: 

The f i r s t  step was to estimate the constants i n  the back stress growth  

i = [c ,+  B c,]  2 

Differential techniques f o r  calculating work hardening such as seen i n  Chan’s 
gama and theta plot concepts [ 2 ]  were useful. Experimental estimations of 
back s t ress  values such as used by Krieg, e t  a l .  I 3 1  and Walker [ 12 ]  were 
usually necessary. 
back stresses as used by Miller [91 have also been used. 

the i n i t i a l  value of d r a g  stress denoted by DO. 
strain ra te  equation i n  the following form was useful: 

Relationships between saturated stresses and saturated 

The next step was to  calculate the strain rate sensitivity constant n and 
Rewriting the inelastic 

I I n (  o - B ) = -  I n (  6 + I n (  D,) n 

A linear f i t  t o  several da ta  p o i n t s  typically provided l / n  as the slope and 
I n (  Do ) as the intercept. This is  a technique commonly used w i t h  Bodner’s 
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model 1191. 
using techniques such as the gamma o r  theta p l o t  ( 2 )  and r e l a t i o n s  between 

saturated s t ress and back stress are useful  [9,2]. 

assuming t h a t  thermal recovery could be neglected f o r  rap id  tests .  
cumulative i n e l a s t i c  s t r a i n  was calculated a t  a po in t  on the c y c l i c  curve 
where B and D could be estimated. The drag stress recovery parameter Cg was 
then ca lcu la ted  by assuming the drag stress growth law was equal t o  zero f o r  
the  saturated cyc le  of a low s t r a i n  r a t e  tes t .  The back s t ress  recovery 
parameter C3 was ca lcu lated by assuming the growth law f o r  back stess was zero 
f o r  creep tests .  
Computer I t e r a t i o n s  

The computer i t e r a t i o n s  began by pa i r i ng  each mater ia l  constant w i t h  an 
experimental s t ress-s t ra in  po in t  which the constant should i n t u i t i v e l y  have 
the  greatest  e f f e c t  i n  p red ic t i ng  i n  a sequential fashion. The constants i n  
the  gener ic model were pai red i n  the fo l lowing fashion f o r  t h i s  work: 

The a b i l i t y  t o  estimate saturated stresses and back stresses 

I n i t i a l  determinat ion o f  the drag stress parameter C4 was ca r r i ed  out by 
The 

(1) Do was pa i red  w i th  a s t ress-s t ra in  po in t  a t  .8% s t r a i n  on t e s t  70 

(2) C2 was pai red w i th  a s t ress-s t ra in  po in t  a t  1.3% s t r a i n  on t e s t  70; 
(3) C 1  was used t o  assure tha t  the theore t ica l  back s t ress values were i n  

(4) n was pai red w i t h  a s t ress-s t ra in  po in t  a t  .8% s t r a i n  on t e s t  71 ( d = 

(5) C3 was pa i red  w i th  a po in t  a t  1.3% s t r a i n  on t e s t  71; 

( E = 3.151X10-3 sec"); 

the  same range expected from experimental values; 

7.253X10-6 sec-'); 

(6) C4 was pa i red  w i th  a po in t  a t  .8% on 

(7) C5 was pa i red  w i th  a po in t  a t  .8% o t  

The i t e r a t i v e  procedure then progressed 

1. oozx 10-3 sec-1) ; 

7.626X10'6 sec-l); 

the 1 0 t h  cycle of t e s t  86 ( Z = 

the 4th cyc le  o f  t e s t  72 ( d = 

by numerical ly i n teg ra t i ng  the 
model t o  p r e d i c t  the experimental s t ress-s t ra in  value fo r  a spec i f i c  
constant. 
he ld constant. 
p r e d i c t i o n  a t  i t s  paired experimental point. 
these steps were t o  be car r ied  out i s  shown i n  Table 2.  The x marks i n d i c a t e  
which constant i s  being a l te red  during the step ind icated i n  column 1. Steps 

1 through 5 are se t t i ng  the back s t ress hardening charac ter is t i cs .  

The constant was a l te red  t o  match t h i s  po in t  wh i le  the others were 
Then another constant was a l te red  t o  produce the proper 

The expected order w i t h  which 

Steps 6 
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through 9 are se t t i ng  the s t r a i n  r a t e  s e n s i t i v i t y  o f  the model. 
through 12 are se t t i ng  the drag stress hardening constant. 
recovery constants are being set i n  steps 13 through 15. 
i s  se t  i n  steps 16 through 18. 

Steps 10 
The back s t ress  

Drag s t ress  recovery 

Table 2 - An Example Set o f  I t e ra t i ons  

This  method al lows the e n t i r e  process t o  be recorded. Automation o f  such 
a method i s  a lso poss ib le  i f  the i n i t i a l  ca lcu la t ions  produce values which are 
c lose t o  the  f i n a l  constants. A systematic set  of i t e r a t i o n s  may a lso a l low a 
standard method f o r  ca l cu la t i ng  constants t o  be produced. The lack  o f  
co r rec t i on  f o r  s t r a i n  ageing e f fec ts  i n  the i n i t i a l  ca lcu la t ions  caused 
problems i n  implementing t h i s  i t e r a t i v e  scheme. 
suggestions t o  avoid t h i s  as we l l  as the speci f ic  app l i ca t ion  o f  t h i s  method 
t o  the models used i n  t h i s  work. 
constants w i t h  s t ress u n i t s  o f  MPa, s t r a i n  u n i t s  of cm/cm, and t ime u n i t s  o f  
sec. 

Reference [ 111 provides some 

Table 3 gives the f i n a l  values o f  the  

MODEL RESULTS 

The forms o f  the models t o  be covered i n  t h i s  sect ion inc lude Bodner's 
model wi thout a cor rec t ion  f o r  so lu te strengthening, Bodner's model w i th  a 
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Table 3 - Final Constants for Models 

I Bodner I s Ani sotropic I 

1 Schmidt and M i  1 1  er I s I 

I I J .4  

J J 1E-9 t 

I Walker's Exponential 1- 



s o l u t e  s t rengthening co r rec t i on ,  t he  model o f  K r i e g ,  e t  a l .  w i t h  and w i t h o u t  a 
c o r r e c t i o n  f o r  s o l u t e  strengthening, Schmidt and M i l l e r ' s  model, and Walker 's  

exponent ia l  model. 
f o rward  i n t e g r a t i o n  scheme on a Perkin-Elmer 32-10 computer. 

used ranged from 5.0X10'4 sec f o r  t e s t  70 t o  5.0X10-2 sec f o r  t e s t  71. 
Reproduct ion o f  Test Data 

3. 151X10'3 sec - l ) .  
Walker 's  model i s  showing adverse e f f e c t s  from i t s  dynamic 

t h e  s t r e s s  i s  decreasing a t  h igher  s t r a i n  l eve l s .  
w i t h  t h e  method o f  constant c a l c u l a t i o n  than t h e  model i t s e l f .  The i t e r a t i v e  

p o r t i o n  o f  t h e  constant  c a l c u l a t i o n  process was performed w i t h  access t o  o n l y  
two p o i n t s  on t h i s  curve. 
have so lved t h i s  problem. 

Walker 's  model i s  s t i l l  f o l l o w i n g  t h e  shape of t he  curve best.  The dynamic 
recovery problem s t i l l  e x i s t s  w i t h  the  Walker model. 
i s  showing some numerical  i n s t a b i l i t y  due t o  t h e  presence o f  t h e  
s o l u t e  s t rengthening parameters. 
Kr ieg,  e t  a l .  a re  much lower than the  o the r  models. 
s imply  se t  t o  zero i n  these versions. The o the r  constants remained t h e  same 

as i n  t h e  co r rec ted  versions. Therefore, t he  reponse o f  t he  uncorrected 
ve rs ions  cou ld  have been averaged over the s t r a i n  range b e t t e r .  However, t h e  

b a s i c  s t r a i n  r a t e  s e n s i t i v i t y  would have remained t h e  same. 
F ig .  4 i n t e r p o l a t e s  the model response and experimental response between 

these two s t r a i n  r a t e s  presented above by p i c k i n g  o f f  s t ress  values a t  .8% 

t o t a l  s t r a i n  f o r  t e s t s  of in termediate s t r a i n  r a t e s  and p l o t t i n g  these va lues 

versus t h e  l o g  o f  t h e  app l i ed  s t r a i n  ra te .  The t e s t s  used i n  Fig.  2 and F ig.  
3 a re  shown on t h i s  f i g u r e  also.  Walker's model i s  e x h i b i t i n g  nega t i ve  s t r a i n  

r a t e  s e n s i t i v i t y  and the  co r rec ted  Bodner model i s  showing no s t r a i n  r a t e  

s e n s i t i v i t y .  
s e n s i t i v i t y .  

The models were numer ica l ly  i n teg ra ted  w i t h  an E u l e r  
The t ime steps 

F ig .  2 shows t h e  response of t he  models as compared t o  t e s t  70 ( i = 

The models are a l l  oversquare except f o r  Walker' s. 

recovery term as 
This  i s  more o f  a problem 

Using th ree  p o i n t s  o r  i n t e r a c t i v e  g raph ics  would 

F i g .  3 compares t h e  model ou tpu ts  t o  t e s t  7 1  ( t = 7.253X10-6 sec - l ) .  

The Krieg, e t  a l .  model 

The uncorrected vers ions o f  Bodner and 

The Fsol parameter was 

The o t h e r  models c l e a r l y  produce p o s i t i v e  s t r a i n  r a t e  

Fig.  5 shows t h e  s t ress  values a t  +.8% s t r a i n  f o r  the saturated c y c l e  

response. The slowest s t r a i n  r a t e  prov ides data from the  f o u r t h  c y c l e  and t h e  
o t h e r  p o i n t s  a re  f rom the  10th cyc le .  
models w i t h  c o r r e c t i o n  f o r  s o l u t e  s t rengthening are e x h i b i t i n g  nega t i ve  s t r a i n  

The t rend  has changed and a l l  t h e  
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r a t e  s e n s i t i v i t y .  
recovery parameters and the c y c l i c  work so f ten ing  response. 

t e s t  86 ( i = l.002X10-3 sec-' ) by present ing the  values a t  +.8% s t r a i n  f o r  

each cyc le.  
model reproduce t h i s  da ta  c losest .  Fig. 7 prov ides t h e  same da ta  f o r  t e s t  80 
( i = 9.926X10'5 sec-' ). This  s t r a i n  r a t e  shows Walker's model f o l l o w i n g  t h e  

experiment t h e  c loses t .  The peak value a t  t he  second c y c l e  i s  reproduced w i t h  
t h i s  model only.  Fig.  8 presents the  c y c l i c  data f o r  t e s t  72 ( i = 7.626X10'6 
sec-' ). The co r rec ted  Bodner model i s  f o l l o w i n g  the  data c loses t .  The 
Walker model i s  c l e a r l y  s u f f e r i n g  from the  lack o f  a drag s t r e s s  thermal 

recovery term. 
P r e d i c t i v e  C a p a b i l i t i e s  

complex h i s t o r y  t e s t .  
o f  t h e  m a t e r i a l  constants. 
Fig.  9 through Fig.  14 show the  comparison o f  t he  models t o  t h i s  complex 
h i s t o r y  t e s t .  The corrected Bodner model i n  Fig.  10 i s  t h e  l e . s t  a f f e c t e d  by 
s t r a i n  r a t e  jumps. Bodner a t t r i b u t e s  t h i s  t o  the use o f  p l a s t i c  work as t h e  

measure o f  work hardening [ 7 ] .  The i n t e r a c t i o n  o f  t he  solute' s t rengthening 
c o r r e c t i o n s  o f  a l l  t h e  models may be having an e f f e c t  on t h i s  aspect o f  a l l  

t h e  models. 
s u s e p t i b l e  t o  these jumps. 
undershoots observed du r ing  t h e  s t r a i n  r a t e  jumps are a t r a n s i e n t  e f f e c t  of 
t h e  behavior o f  a system o f  coupled nonl inear  d i f f e r e n t i a l  equat ions [ZO]. 

t h e  Bodner and Kr ieg,  e t  a l .  models a t  t he  zero s t r a i n  h o l d  t ime shows t h a t  

t h e  Fsol c o r r e c t i o n  negates the  e f f e c t s  o f  thermal recovery i n  such 
instances. This  could be a r e s u l t  o f  t h e  low value o f  J o r  t h e  i n e l a s t i c  
s t r a i n  r a t e  o f  maximum c o r r e c t i o n  used i n  these models. The co r rec ted  Bodner 
model had J = 1.0X10'6 sec-', the model o f  Kr ieg,  e t  a1 had J = 7.0X10- 

model showed no thermal recovery a t  t h i s  ho ld  e i t h e r .  The small  i n e l a s t i c  
s t r a i n  r a t e s  produced by thermal recovery terms would meet i nc reas ing  hardness 

i f  t h e i r  magnitude was below J .  Increas ing hardness would tend t o  d r i v e  t h e  

s t resses up and oppose the  a c t i o n  o f  t he  thermal recovery terms. 

Th is  i s  probably an e f f e c t  o f  t he  drag s t ress  thermal 

F ig .  6 a l lows i n t e r p o l a t i o n  between t h e  f i r s t  c y c l e  and t h e  10th c y c l e  o f  

The co r rec ted  Kr ieg,  e t  a l .  model and the  uncorrected Bodner 

The p r e d i c t i v e  c a p a b i l i t i e s  o f  t h e  models were explored by t h e  use a 

Table 4 gives the  i n p u t  h i s t o r y  o f  t h i s  t e s t .  
Th i s  experimental t e s t  was no t  used i n  t h e  c a l c u l a t i o n  

The uncorrected vers ions i n  Fig.  9 and Fig. 11 are  very 
Yao and Krempl r e p o r t  t h a t  t he  overshoots and 

A comparison o f  t h e  response of the co r rec ted  and uncorrected ve rs ions  of 

6 

sec- l ,  and Schmidt and M i l l e r  had J = 1.0X10-9sec-1. Schmidt and M i l l e r ' s  
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Table 4 - Complex History Test I n p u t  

i 

9 .006 008 9.532E-6 200 
10 .008 .01 5.OE-3 .4 
11 .Ol .01 0 60 
12 .Ol .015 4.95E-4 10 
13 .015 0 -1.4925E-3 15 L 

The Walker model follows the shape o f  the  stress s t r a i n  curve b e t t e r  than 

the other models. 

stress growth and the lack of an i n e l a s t i c  s t r a i n  r a t e  exponent. 

Krieg, e t  a l .  had n = 15.0 and Schmidt and Miller had n = 7.0. The constant 

values o f  work hardening have a l so  been reported a s  reasons f o r  this 13,211. 

Bodner's model may be suffer ing from the lack of a back s t r e s s  o r  the  e f f e c t s  

of the p l a s t i c  work measure of s t r a i n  hardening. However, fu r the r  study would 

be required t o  show this .  The corrected model of Krieg, e t  a l .  reproduces the  

actual  s t r e s s  leve ls  best  a f t e r  i n i t i a l  yield.  No explanation can be given 

f o r  t h i s  a t  t h i s  time. 

This could be a r e s u l t  of the be t t e r  modelling o f  t he  back 

T h e  model o f  

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions and Recommendations based on the Models 

The theor ies  of Walker and Bodner with exponentially based i n e l a s t i c  

s t r a i n  r a t e  equations and dynamic recovery terms handle the  s t r a i n  r a t e  

s e n s i t i v i t y  the  best .  Bodner's model shows less s e n s i t i v i t y  t o  s t r a i n  r a t e  



jumps possibly due t o  the plast ic  work r a t e  measure of s t r a i n  hardening. The 

reproduction of the general shape u s i n g  Walker's model may be aided by be t te r  

modelling of the back stress term and by the exponentially based ine las t ic  

s t r a i n  r a t e  equation. The drag stress growth law o f  the Walker model provided 

the closest  f i t  t o  data over several cycles a t  h ighe r  s t r a i n  rates.  The 

second cycle peak seen a t  the lower s t ra in  ra tes  was modelled only by 

Walker. Bodner's model handled cyclic response best over several cycles a t  

the lower s t ra in  ra tes  due t o  the thermal recovery term. The solute 

strengthening correction caused numerical instabi l i ty ,  negating the ef fec t  of 

thermal recovery d u r i n g  hold times and may have lessened the sensitivity t o  

s t r a i n  r a t e  jumps. 
Future s tudy of these models could take two directions. First, a 

comparison t o  a material which does not exhibit s t ra in  ageing ef fec ts  would be 

beneficial. 

some of the information which could have been obtained i n  this work. An 

example of this is information about the effect  of s t r a i n  jumps on the 

predictive capabi l i t ies  of the models. 

the  models were also adversely affected by the s t r a i n  ageing corrections. 

methods f o r  calculating constants should be checked w i t h  a posit ive s t r a i n  

r a t e  sensi t ive material. 

The corrections necessary t o  account for  this phenomenon masked 

The thermal recovery capabi l i t i es  of 

The 

Second, fur ther  s tudy which concentrates on the specif ic  model form 

should be carried out by the use of extended models. 

extended from the existing ones. 

i n e l a s t i c  s t r a i n  measure of work hardening i n  the model of Krieg, e t  a l .  w i t h  

a measure based on p las t ic  work. The inelast ic  work measure i n  Bodner's model 

could be replaced w i t h  an nelast ic  s t ra in  measure. The extended models could 

t h e n  provide t rue  i n s i g h t  nto the ramifications of us ing  a measure of  p l a s t i c  

work. The e f fec t  of us ing  an inelast ic  strain r a t e  equation based on 

These would be models 

An example o f  this would be t o  replace the 
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exponential, power law, and hyperbolic sine functions could be studied. 

advantages and disadvantages of providing a model w i t h  a back s t ress  term 

could be studied by providing the Bodner model w i t h  one as Moreno and Jordan 

have done 1221. 

Conclusions and Recomnendations based on the Calculation of Constants 

The 

The i n i t i a l  assumptions that  back s t ress  is responsible for  hardening i n  

monotonic tension and drag s t r e s s  is responsible for  cyclic 

hardening/softening appear t o  be good assumptions for  this material system. 

These assumptions were used for  every model i n  the hand calculations and the 

computer i terat ions w i t h  success. 

changing drag s t ress  parameter a l t e r s  the s t ra in  r a t e  sensi t ivi ty  of the model 

[23]. 

study. 

t e s t s  ( E > l.0X10'14 sec" ), drag s t ress  recovery dominates i n  low s t r a i n  

ra te  cyclic tes t s ,  and back s t ress  recovery dominates i n  creep t e s t s  appear 

d i f f i c u l t  t o  apply i n  the presence of solute strengthening effects .  T h i s  

material system requires that  a correction for  solute strengthening be 

employed before recovery e f fec ts  can be calculated. 

much smaller than the original hand calculations for  the models of Krieg, e t  

a l . ,  Bodner. and Walker produced. T h i s  observation leads t o  the conclusion 

that  the recovery e f fec ts  are  largely insignificant for  h > l.0X10'5 sec". 

Mil ler ' s  model requires the recovery terms t o  be much more active than the 

other models. This in f lex ib i l i ty  gave some problems i n  the calculation of 

Mil ler ' s  constants. 

Krempl, McMahon, and Yao report t h a t  a 

T h i s  effect  was not considered i n  t h i s  work and m i g h t  warrant fur ther  

The I n i t i a l  assumptions that  thermal recovery is negligible f o r  rapid 

The recovery e f fec ts  were 

The solute strengthening ef fec ts  also masked the true s t r a i n  ra te  

sens i t iv i ty  of the material. 

to  be obtained outside the region of solute strengthening effects.  

Information on the s t ra in  ra te  sens i t iv i ty  needs 

The 

following i n i t i a l  assumptions would have been more appropriate based on these 

2 70 



observations: 

(1) back s t ress  was assumed responsible for hardening i n  

monotonic tens ion; 

(2) drag s t r e s s  was assumed responsible for  cyclic softening; 

(3) thermal recovery e f fec ts  were small and masked by solute 

strengthening effects;  

(4 )  solute strengthening o r  strain aging effects  masked the 

basic positive s t r a i n  ra te  sensitivity of the material. 

The model o f  Krieg et ,  a l .  was an easy model to  work w i t h  since each term 

i n  the growth laws could be scaled somewhat separately of the others. An 

interesting observation of this model was that the constants of the ine las t ic  

s t r a i n  r a t e  equation could be swept over a broad range b u t  the monotonic 

hardening remained relat ively constant. There was also a mathematical 

ambiguity between the constant C and the scaling of the drag s t ress .  The  

scaling could be transferred from one parameter t o  the other without any 

visible change i n  model response. 
Bodner's model "converged" t o  the f inal  constants w i t h  fewer i te ra t ions  

than the other models us ing  the i te ra t ive  scheme developed i n  this work. T h i s  

was probably due t o  the lack o f  a back stress parameter. A mathematical 

ambiguity existed between n and the scaling o f  the internal s ta te  variables 

when information was not available t o  calculate n. T h i s  i s  why a value f o r  n 

can often be picked and s t i l l  produce a workable model. 
Mil ler ' s  model was h i g h l y  coupled i n  that  the recovery terms were not 

separated from the hardening terms. The recovery terms can therefore change 

the same order of magnitude as the hardening terms. Miller readily admits 

tha t  th i s  model is designed for  materials which have a very active drag s t r e s s  

parameter 191. He s ta tes  that  this  model may not be applicable f o r  this type 

of material system. However, a reevaluation of the constants f o r  Mil ler ' s  
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model m i g h t  prove f r u i t f u l .  A majority of the constants should be calculated 

outside the region o f  solute strengthening effects  and without a r t i f i c i a l l y  

separating the hardening and recovery terms. A solute strengthening parameter 

would t h e n  be added to  f i t  the response t o  the negative s t ra in  r a t e  sensi t ive 

region. 
Mil ler ' s  model also maintains control over the saturated s t a t e s  of the 

internal s t a t e  variables 8 and 0 w i t h  the A 1  and A2 constants. A correction 

f o r  s t r a i n  ageing as well as cyclic work softening might be possible by 

control1 ing  these saturated states.  A recommendation for  fur ther  s tudy  based 

on this model would contain an expanded study of back s t ress  magnitudes over 

the entire s t r a i n  ra te  region considered. A possible method f o r  this i s  

disscussed i n  reference 11. The latest form of Miller 's  model I241 should 

also be studied, as i t  may be used w i t h  material systems similar t o  this. 
Walker's model holds promise for  automating the calculation procedure f o r  

th i s  type of  material. Walker's model has fewer constants, appears t o  be 

ta i lored for  this  type of material, and can u t i l i z e  the theta  plot concept 

12). The drag s t r e s s  scaling performs the same strain r a t e  sens i t iv i ty  

functions as the n i n  the power law related models. Expanding knowledge of 

the back stress values would also be useful for  this model. 

Conclusions and Reconendations Based on the Experimental Work 
The back stress measuring tests both i n  creep and i n  cyclic loading were 

very subjective and uncertain. However, the i r  extreme usefulness and re la t ive  

success i n  application w i t h  an automated t e s t  set-up warrant fur ther  study. 

I t  appears possible that these t e s t s  can be developed into useful i n p u t s  t o  

the constant calculation process. More sensitive data acquisition devises 

w i t h  greater resolution and a smaller and less massive load frame f o r  more 

precise control would greatly enhance the usefulness of these tes t s .  The 

subjectivity could be lessened by using a method such as proposed by B l u m  and 
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Finkel  [14 ]  t o  analyze the data. 

less  than l.0X10-7 sec-l. 

f o r  s t r a i n  ra tes  greater  than l.0X10’4 sec”. 

t e s t s  could be f i l l e d  by performing tes ts  during monotonic tens ion such as the  

s t ress  t rans ien t  t e s t  mentioned by Soloman, Alhquist  and Nix  [16] .  

o f  t e s t  takes on greater  usefulness f o r  a mater ia l  such as Inconel 718 which 

e x h i b i t s  good d u c t i l i t y  i n  tension and high s u s c e p t i b i l i t y  t o  low cyc le  

The back s t ress measuring tes ts  dur ing creep were usefu l  f o r  s t r a i n  ra tes  

The c y c l i c  back stress measuring t e s t s  were useful  

The reg ion  between these two 

This type 

f a t  i gue. 

An automated load frame was invaluable i n  t h i s  work f o r  the complex 

tes ts .  

sens i t i ve  and mode-switching tests.  A dead weight load frame would a lso be 

usefu l  f o r  the creep and creep-stress drop tests.  A more advanced and 

c o n t r o l l a b l e  method o f  load-up would be a necessity. 

A smal ler  load frame might provide more s t a b i l i t y  dur ing h igh l y  

It would a l so  be use fu l  

t o  u t i l i z e  the same gr ips,  furnace, extensometer, and data a q u i s i t i o n  

equipment as w i t h  the automated load frame. This would remove some r e l a t i v e  

e r ro rs  between the two systems. 
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Fig. 1. MTS Configuration 
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Fig. 2. Model Response as Compared t o  Test  70 
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F ig .  3. Model Response as Compared to Test 71 
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TEST 69 - -  COf lPLEX I N P U T  HISTORY 
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F i g .  9. Complex History - Bodner's Uncorrected Model 
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Fig .  10. Complex History - Bodner's Corrected Model 

285 



T E S T  69 - -  CORPLEX INPUT H I S T O R Y  
_-_-..-_._ K R l E C  RODEL I N I T H O U T  FSOL C O R R E C T I O N 1  

1000.0 

800.0 

600.0 

43c.o 

200.0 

0.0 

-200.0  

-403.0 

-600.2 

- 8 O O . C  

- 1 0oo.c 

I 

I I I 

- .012 - .008 -.004 0.0 . O O A  .008 .o: 2 .01 6 

S t r a i n  ( in / in)  

F i g .  11 Complex H i s t o r y  - Uncorrected Model o f  Kr ieg ,  e t  a1 . 

286 



TEST B S  - -  COMPLEX INPUT HISTORY 
.._..--... KRlEG RCOEL I W I T H  FSOL C O R R E C T I O N )  

- .O 12  - . O O &  -.004 cI.0 .004 . 008  -01  2 .01 6 
- 1000.0 

S t r a i n  ( in / in)  
F i g .  12. Complex History - Corrected Model o f  Krieg, et al. 

287 



T E S T  89 -- COHF'LEX INPUT HISTORY 
n l L L E R  H O D E L  ..__._.... 

n 
t8 
r* Cll 

E 
W 

rn 
rn 
Q) 
h 
3 

1000.0 

800.0 

G O C . 0  

400.0 

200.0 

0.0 

-200.0 

-400.0 

-600.0  

-8OO.S 

- 1 G O O . 0  

I 

. 

. 

I I I I 

- .012 - .COE -.004 0.0 .004 .008 .012 . 0 1 6  

S t r a i n  ( in / in)  

F ig .  13. Complex History - Schniidt and Miller's Model 
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